Such an interaction may also provide a mechanism for cell-specific promoter activation. The hypothesis tested in this study was that CBP/p300 is required for the synergistic activation of the transferrin promoter involving PRII and E-box through the formation of a ternary complex. In the Sertoli cells, both CBP and p300 proteins are expressed. The effect of CBP/p300 on transferrin promoter activation and, hence, Sertoli cell function was studied by using antisense oligonucleotides (AS-oligo). In the presence of CBP/p300 AS-oligo, activity of the FSH-induced mTf-chloramphenicol acetyl transferase (CAT) was significantly lower as compared to the respective controls. Interestingly, ASoligo had no effect on cAMP-induced activation of the transferrin promoter reporter construct (mTf-CAT). Mutations in the Ebox (EB*) significantly reduced the FSH response. The presence of AS-oligo had no further effect on the FSH-mediated activation of the EB*-mTf-CAT construct but reduced cAMP-mediated activation. Mutations in the CRE-like PRII (PRII*) also significantly reduced the FSH response. Activation of the PRII*-mTf-CAT in response to cAMP was completely abolished. The presence of AS-oligo had no further effect on the FSH-or cAMP-mediated activation of the PRII*-mTf-CAT construct. In Sertoli cells, CBP/ p300 was coimmunoprecipitated with CREB and the bHLH protein E47. These observations suggest that CBP/p300 appears to be involved in regulating FSH-mediated activation of the transferrin promoter by linking bHLH and CREB activities.
INTRODUCTION
Sertoli cells are the testicular epithelial cells that form the seminiferous tubule and provide the cytoarchitectural support and microenvironment for developing germ cells [1, 2] . This microenvironment is created through the expression of many different gene products [3] . The molecular mechanisms underlying Sertoli cell-specific gene expression are poorly understood. The transferrin gene provides a model to elucidate the regulatory mechanisms controlling the expression of a gene in different cell types [4] . Transferrin is a major secretory product of differentiated Sertoli cells and is postulated to transport iron to the developing germ cells sequestered by the blood-testis barrier [5, 6] . In contrast to the liver [7] , the transferrin gene expression in Sertoli cells is not regulated by iron but, instead, by hormones such as FSH [8] [9] [10] . The gonadotropin FSH is considered to be one of the endocrine components required for the regulation of Sertoli cell function [1, 11, 12] . The actions of FSH on Sertoli cells involve the cAMP protein kinase A pathway [13, 14] . Promoter analysis of most Sertoli cell genes indicated the absence of a consensus cAMP response element (CRE) site [15] . The regulation of the human [8] and mouse [15] transferrin gene expression in rat Sertoli cells by FSH appears to be, in part, due to CRE-binding protein (CREB) binding at a CRE-like element proximal region II (PRII). Deletion of sequences upstream of the proximal 100-base pair (bp) region of the human transferrin promoter retained cAMP response, but not FSH responsiveness [8] . One of the response elements that is required to retain FSH, but not cAMP, responsiveness in the mouse transferrin promoter (mTf) is an E-box response element [15] . The E-box is a consensus hexanucleotide sequence (CANNTG) and is the binding site for basic helix-loop-helix (bHLH) transcription factor heterodimers [16] . The bHLH proteins are a class of transcription factors involved in the transcriptional control of cell-specific differentiation in a number of tissues, including muscle [17] and brain [18] (e.g., MyoD and neuroD). These transcription factors have a conserved helix-loop-helix domain that is essential for dimerization and a basic domain [19] . The paired basic domain mediates binding to a consensus E-box (CANNTG) DNA sequence [20] . Previously, Sertoli cells have been shown to express bHLH proteins in response to FSH [21] .
The actions of FSH on Sertoli cells are not only mediated by phosphorylation of CREB and its subsequent binding to PRII but, also, by mechanisms that activate bHLH proteins, suggesting a synergistic action of these pathways [15] . The proximity of the E-box and PRII responsive ciselements in the transferrin promoter (220 bp apart) [15] suggests that both CREB and bHLH proteins may influence transferrin promoter activation through direct protein interactions mediated by adapter proteins. One adapter protein that is known to interact with both bHLH and CREB is CREB-binding protein (CBP) [22] and its homologue p300 [23] .
Both CBP and p300 are highly homologous nuclear proteins originally cloned for their ability to interact with phosphorylated CREB [22] and with the adenovirus E1A protein [23] , respectively. Both CBP and p300 are thought to function as crucial links between diverse signal transduction pathways and to play an essential role in the cellular processes of growth and differentiation [24] [25] [26] . Several protein motifs in CBP and p300, such as a bromodomain, a KIX domain, and three regions rich in Cys/His residues (C/H domains), are well conserved in CBP/p300 species ranging from Drosophila to mammals. The CBP/p300 consists of flexible modules that can accommodate interactions with multiple activators of transcription and that can integrate signals derived from multiple pathways. These modules serve as binding sites for sequence-specific transcription factors and other components that regulate gene expression. The CBP/p300 interactions with transcription factors include the bHLH myogenic proteins; CREB; the oncogene product Myb; the retinoic acid, estrogen, glucocorticoid, and thyroid hormone receptors; AP1 activity; and components of the basal transcription machinery, such as transcription factor IIB (TFIIB) and TATA-binding protein [24] [25] [26] . These observations suggest that CBP/p300 might constitute a physical nexus between enhancer binding proteins and components of the basal transcription machinery. In addition, CBP/p300 may disrupt repressive chromatin structures through its intrinsic or associated histone acetyl transferase activity [27, 28] .
The regulation of Sertoli cell gene expression in response to FSH appears to involve multiple signal transduction pathways. Therefore, coactivators may function as signal integrators by coordinating complex signal transduction events at the transcriptional level. The present study demonstrates that in Sertoli cells, the synergistic actions of two transcription factors, the bHLH proteins and CREB, on the transferrin promoter are integrated by the coactivators CBP/ p300.
MATERIALS AND METHODS

Isolation of Sertoli Cells
Sertoli cells were isolated from the testis of 20-day-old rats according to a previously described procedure [29, 30] with some modifications. The isolated Sertoli cells were more than 98% pure and plated under serumfree conditions. Cells were maintained in a 5% CO 2 atmosphere in Ham F-12 medium (Gibco, Rockville, MD) with 0.01% BSA at 32ЊC. Sertoli cells were treated with either FSH (100 ng/ml; o-FSH-16, National Pituitary Agency, Torrance, CA), dibutryl cAMP (dbcAMP; 100 M), 10% bovine calf serum, or vehicle alone (Ham F-12, control). These optimal concentrations of FSH and dbcAMP have previously been shown to optimally stimulate cultured Sertoli cell differentiated functions [30, 31] . The cells were cultured for a maximum of 5 days, with a media change and treatment after 48 h of culture. Cell number, purity, and viability did not change during the culture in the absence or presence of treatment [31, 32] .
Western Blotting and Immunoprecipitation
Sertoli cells were cultured in 150-mm plates and treated with FSH and dbcAMP as described above. After 72 h of treatment, the cells were washed twice with Hanks balanced salt solution and lysed with 1 ml of M-PER lysis buffer (Pierce, Rockford, IL) supplemented with miniprotean protease inhibitor cocktail (Boehringer, Indianapolis, IN) at 4ЊC for 30 min. Lysates were centrifuged at 10 000 ϫ g for 30 min at 4ЊC and the supernatants collected. The protein concentration in the supernatants was estimated using a Bradford assay (Bio-Rad, Hercules, CA). Approximately 50-150 g of protein in SDS sample loading buffer were boiled for 5 min and electrophoresed on a 5% mini SDS gel (Bio-Rad). The protein was subsequently transferred onto nitrocellulose membrane and probed with specific rabbit polyclonal antibodies to CBP and p300 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The specific antigen-antibody complex was visualized using an alkaline phosphatase chemiluminescent detection kit (Bio-Rad).
For immunoprecipitation, the Sertoli cells were cultured in 150-mm plates and treated with FSH and dbcAMP as described above. The cells were washed with phosphate-buffered saline and lysed at 4ЊC for 30 min with 1 ml of M-PER lysis buffer (Pierce) supplemented with miniprotean protease inhibitor cocktail (Boehringer). Lysates were centrifuged at 10 000 ϫ g for 30 min at 4ЊC and the supernatants collected. Each supernatant was incubated with 5 l of normal rabbit IgG and 50 l of packed protein A-agarose beads (Santa Cruz Biotechnology) at 4ЊC for 1 h. The complex formed was removed by centrifugation at 500 ϫ g for 5 min at 4ЊC. The supernatant was then incubated with either 5 l of normal rabbit IgG, anti-rabbit E12/E47, or anti-rabbit CREB antibodies for 4 h at 4ЊC. Immunoprecipitates were collected on protein A-agarose beads and washed four times with M-PER lysis buffer and two times in TSA buffer (10 mM Tris [pH 8 .0] and 140 mM NaCl). The precipitate was dissolved in 30 l of SDS sample buffer, boiled for 5 min, and subjected to electrophoresis on a 5% mini SDS gel. The fractionated proteins were transferred onto nitrocellulose membranes. The membranes were then blotted with mouse monoclonal antibody to CBP/p300 (Chemicon, Temecula, CA). The specific antigen-antibody complexes were detected with antimouse IgG conjugated to horse radish peroxidase.
Plasmids and Antisense Oligonucleotides
The chloramphenicol acetyl transferase (CAT) reporter plasmid (pUC8-CAT) containing Ϫ581 bp (Ϫ581 bp mTf-CAT) was generously provided by Dr. G. Stanley McKnight (University of Washington, Seattle, WA). The mTf used in the present study included the transcriptional initiation site of the transferrin gene, which is 54 bp upstream of the start site of translation [33] . The mTf-CAT reporter plasmids with either EB or PRII mutations were constructed as described previously [15] . The antisense oligonucleotides to CBP and p300 were designed to incorporate 15 bases, 5Ј to and including the translational initiation site. Because the rat CBP and p300 were not available, a consensus was developed using the available mouse and human CBP and p300 mRNA sequences. The following amino acid sequences were used to design antisense oligonucleotides:
CBP: MAENLL (GenBank: human, U85962; mouse, S66385) (CPB 5Ј-CAG CAA GTT CTC GGC CAT-3Ј) P300: MAENVV (GenBank: human, NM 001429; mouse [protein], AAB31182) (p300 5Ј-CAC CAC ATT CTC GGC CAT-3Ј)
The scrambled oligonucleotides were generated by the GCG software analysis package (Tampa, FL) using the respective CBP (CBP-scr. 5Ј-CGA TGC GTC ATC GAC CAT-3Ј) and p300 (p300-scr. 5Ј-GCA TCC GTA CAA CCT TCC-3Ј) antisense oligonucleotides. The antisense and the scrambled oligonucleotides (showing no substantial homology to any known genes, as determined through a BLASTn search) were synthesized from commercial sources using phosphorothioate modification.
Transfections
Sertoli cells cultured in 24-well plates at a density of 10 6 cells/well for 48 h were transfected with a reporter gene construct by the calcium phosphate method coupled with hyperosmotic shock (10% glycerol) as previously described [15] . Briefly, 1.5 g of reporter plasmid in 150 l of transfection buffer (250 mM CaCl 2 mixed 1:1 [v:v] with 2ϫ Hebes] 28 mM NaCl, 50 mM Hepes, and 1.47 mM Na 2 HPO 4 at pH 7.05]) was added to each well of a 24-well plate containing 10 6 Sertoli cells in 1 ml of Ham F-12 with 0.01% BSA, and incubation was performed at 32ЊC for 4 h. After incubation, the cells were subjected to a hyperosmotic shock. The medium was aspirated, and 1 ml of 10% glycerol in Hanks balanced salt solution (Gibco) was added. The cells were incubated for 3 min, and the wells were washed twice before fresh Ham F-12 was added. The transfected Sertoli cells were treated with 4 M of either the antisense or scrambled oligonucleotides immediately after transfection. Various treatments were added to the cells 2 h after the addition of antisense oligonucleotides. The cells were retreated with the oligonucleotides every 12 h for a total of 72 h. In each experiment, the transfection efficiency was monitored by transfecting the Sertoli cells with a plasmid containing the ␤-galactosidase gene driven by a CMV promoter. Subsequent staining and counting the cells expressing ␤-galactosidase (blue color) resulted in approximately 25% transfection efficiency.
FIG. 1. A)
Schematic showing the domains of CBP and p300 known to bind various transcription factors. The KIX domain binds CREB, and the C/H2 domain binds TFIIB and the bHLH family of transcription factors. B) The P-box within the activation domain of CREB binds the KIX domain in CBP/p300, and the activation domain of bHLH family of transcription factors binds the C/H2 domain of CBP/p300.
FIG. 2.
Western blot analysis of CBP and p300 in Sertoli cells. Total Sertoli cell proteins were fractionated and transferred onto nitrocellulose membranes. The membranes were then blotted with specific polyclonal antibodies (Ab) to either CBP or p300. The CBP and p300 proteins (shown by the arrowhead at ϳ240 kDa) were detected using second antibody conjugated to alkaline phosphatase. The blot is a representative of at least three different experiments performed on different Sertoli cell protein preparations. A, dbcAMP; C, control; F, FSH.
CAT Assay
Assay of CAT activity was performed to monitor promoter construct activity in the cells. Medium was removed from the wells, and the cells were washed once with phosphate-buffered saline. One hundred microliters of the cell lysis buffer (Promega, Madison, WI) were added to each well and incubated for 15 min at room temperature. The wells were then scraped, and buffer was collected in 1.5-ml microfuge tubes. Tubes were heated to 65ЊC for 10 min to inactivate endogenous acetylases and then centrifuged at 12 000 ϫ g for 10 min at 4ЊC to remove cell debris. An aliquot of cell extract (54 l) was mixed with 65 l of 0.25 M Tris (pH 8.0), 25 g of n-butyryl coenzyme A (5 mg/ml; Sigma, St. Louis, MO), and 0.1 Ci (1 l) of 14 C-chloramphenicol (ICN, Costa Mesa, CA) and incubated overnight at 37ЊC. The mixture was extracted once with 300 l of mixed xylenes and back-extracted with 100 l of 0.25 M Tris (pH 8.0). A 200-l aliquot of the organic phase was counted in a scintillation counter to determine the relative amount of CAT activity. The average conversion of CAT substrate for treated cells ranged between 20% and 30%. This assay was found to be linear with the protein concentration used.
Statistical Analysis
All transfection data were obtained from a minimum of three different experiments unless otherwise stated. Each data point (from treatments) was converted to a relative CAT activity (control CAT activity ϭ 1) with the mean and SEM from multiple experiments determined as indicated in the figure legends. Data were analyzed by an analysis of variance (ANOVA) with the SAS statistical package (Cary, NC) as indicated in the figure legends. The CAT reporter plasmid without mTf promoter was used as a negative control. In response to FSH and dbcAMP, the relative CAT activity of the negative control plasmid was in the range of 1.5 to 2.
RESULTS
Both CBP and p300 bind a number of different transcription factors through highly conserved domains. As shown in Figure 1 , the domains of CBP/p300 that bind bHLH and CREB transcription factors are distinct. This suggests the possibility of integrating these trans-acting factors given the proper spatial proximity of the respective cis-elements. The CREB binds to the KIX domain, whereas the bHLH proteins bind to the cystine-rich C/H2 domain within the histone acetyl transferase activity region of CBP/ p300 (Fig. 1A) . The activation domains of CREB and bHLH are shown in Figure 1B .
The hypothesis that CBP/p300 may act as a transcriptional coactivator in FSH-mediated transferrin promoter activation was tested. Experiments were initially performed to show that CBP/p300 is present in Sertoli cells. Sertoli cell proteins were fractionated on 5% SDS gels, transferred to nitrocellulose membranes, and probed with polyclonal antibodies specific to either CBP or p300. As shown in Figure 2 , both CBP and p300 are detected in Sertoli cell proteins. When data were normalized for protein loading and actin immunostaining, no hormone regulation was observed (data not shown). This experiment suggests that both CBP and p300 are constitutively expressed by Sertoli cells (Fig. 2 ).
An antisense approach was used to evaluate the possible functional role of CBP/p300 in the regulation of transferrin promoter activation. A chimeric construct containing the CAT reporter driven by the proximal 581 bp of the mTf (WTmTf-CAT) was transiently transfected into cultured Sertoli cells (Fig. 3) . Sertoli cells were isolated from 20-day-old rat testis and cultured under serum-free conditions. After transfection, the cells were left untreated or treated with either FSH or dbcAMP for 72 h before harvesting for CAT assay. As shown in Figure 3 , FSH and dbcAMP induced 8-and 14-fold stimulation, respectively, of the wildtype transferrin promoter (WT-Tf) CAT activity as compared to untreated controls (P Ͻ 0.001). This increase in CAT activity was significantly higher than that observed by transfecting Sertoli cells with a plasmid containing only the CAT cDNA without any promoter (less than twofold stimulation, data not shown). To evaluate the role of CBP and p300 on FSH-and dbcAMP-mediated WT-Tf promoter activation, the Sertoli cells transfected with WT-Tf promoter CAT construct were also treated with an antisense to either CBP or p300. When used alone, neither of the antisense oligonucleotides had an effect on WT-Tf promoter activation (data not shown) in the range of concentrations used (2-10 M).
Both CBP and p300 perform similar functions [34] , and potential compensation may explain the lack of any effect from either CBP or p300 antisense oligonucleotides alone on the transferrin promoter activation. Therefore, experiments were performed in which antisense to both CBP and p300 were added together and their influence on transferrin promoter activation evaluated. In the presence of the antisense oligonucleotides to both CBP/p300 (2 M each), the FSH-stimulated WT-Tf CAT activity was significantly decreased (Fig. 3) . Interestingly, in the presence of the antisense oligonucleotides to both CBP/p300, the dbcAMPstimulated WT-Tf CAT activity decreased approximately 20% (P Ͻ 0.05) (Fig. 3) . No decrease in the WT-Tf CAT activity was observed in the presence of scrambled CBP/ p300 oligonucleotides, suggesting that the effects of the CBP/p300 antisense oligonucleotides on FSH-or dbcAMP- stimulated WT-Tf CAT activity were specific (Fig. 3) . The presence of the antisense oligonucleotides had no effect on the CAT activity of nonstimulated (i.e., control) Sertoli cells. The inhibitory effect of the CBP/p300 antisense oligonucleotides on the transferrin promoter activation was further confirmed by treating the Sertoli cells transfected with the thymidine kinase minimal promoter (tk)-CAT promoter construct with CBP/p300 antisense oligonucleotides. The presence of CBP/p300 antisense oligonucleotides had no effect on either FSH-or dbcAMP-stimulated activation of the tk-CAT promoter construct (data not shown). Therefore, the presence of CBP/p300 appears to be necessary for FSH and, to a lesser degree, cAMP to induce Sertoli cell functions (i.e., transferrin promoter activation).
To address this hypothesis that CBP forms a ternary complex with Sertoli cell bHLH proteins and CREB, Sertoli cells were transfected with transferrin promoter constructs with mutations in either the E-box (EB*) or the PRII site (PRII*). The activity of EB*-mTf-CAT construct in response to FSH was significantly reduced (45%) as compared to the WT-Tf promoter (P Ͻ 0.001) (Fig. 3) . The dbcAMP treatment resulted in a 12-fold (P Ͻ 0.001) stimulation of the EB*-mTf-CAT construct (Fig. 3) and was comparable to the wild-type promoter. Therefore, EB* had no effect on the activation of the transferrin promoter by dbcAMP. Consistent with previous results [15] , the mTf-CAT construct with mutations in the PRII region (PRII*-mTf-CAT) was stimulated only threefold (P Ͻ 0.05) in response to dbcAMP (Fig. 3) . This is a significant reduction in the activity of the promoter when compared to the activation of the WT-mTf-CAT by dbcAMP (14-fold, P Ͻ 0.001). The data suggest that stimulation of the transferrin promoter by cAMP is primarily mediated through the binding of CREB at the PRII site. However, in response to FSH, the PRII*-mTf-CAT retained 50% of its activity (fourfold, P Ͻ 0.001) as compared to untreated controls but was significantly less than the FSH-induced WT-mTf-CAT activity (eightfold, P Ͻ 0.001). No further effect was observed when Sertoli cells transfected with either EB*-mTf-CAT or PRII*-mTf-CAT were treated with antisense oligonucleotides to CBP/p300 and challenged with either dbcAMP or FSH. The absence of any effect of the antisense oligonucleotides following FSH treatment on the EB*-mTf-CAT and PRII*-mTf-CAT promoter constructs suggests that an intact E-box and PRII site may be required for CBP/p300 to mediate its effect on the transferrin promoter. An interesting observation was the small effect of CBP/p300 antisense oligonucleotides on dbcAMP-stimulated activation of EB*-mTf-CAT promoter. These data suggest that CBP/ p300 may have a role in the activation of the transferrin promoter through the cAMP-protein kinase A pathway.
Immunoprecipitations were performed to demonstrate that CBP/p300 interacts with CREB and Sertoli cell bHLH proteins like E47. Total Sertoli cell proteins following FSH treatment were extracted and subjected to immunoprecipitations with polyclonal antibodies to either normal rabbit IgG (i.e., control) or rabbit polyclonal antibodies specific to either E47 or CREB. The same quantity of nuclear extract protein was used in the different immunoprecipitations. The immunoprecipitates were resolved on 5% SDS-polyacrylamide gels and the proteins transferred onto nitrocellulose membranes. The membranes were then blotted with CBP/p300 mouse monoclonal antibodies, and the immune complexes were detected using anti-mouse IgG conjugated to alkaline phosphatase. The mouse monoclonal antibodies were used to minimize cross-reactivity with the rabbit polyclonal antibodies that were used to perform immunoprecipitations. As shown in Figure 4 , a distinct CBP/p300 band was observed when immunoprecipitations were performed with either E47 or CREB antibodies, but not with normal rabbit IgG. These results demonstrate that in Sertoli cells, CBP/p300 can associate with CREB and bHLH proteins like E47. Combined data suggest that the synergistic actions of bHLH and CREB on the transferrin promoter are in part mediated through the coactivators CBP/p300 (Fig. 5) .
DISCUSSION
The cAMP-binding protein CREB and members of the bHLH class of transcriptional regulators play a significant role in Sertoli cell differentiation and development [8, 14, 15, 21] . In Sertoli cells, the phosphorylation of CREB at ser133 is primarily mediated by FSH-dependent activation of the protein kinase A pathway [14] . Although the role of bHLH phosphorylation is unknown, several kinases have been described that phosphorylate E47 in vitro [38] [39] [40] . The activation of Sertoli cell function and differentiation involves integration of diverse signaling pathways at the level of transcription factors. Such an integration may involve transcriptional coactivators. Few molecules have been demonstrated to act as transcriptional coactivators in eukaryotic cell systems. In the current study, the role of two coactivators, CBP and p300, in regulating FSH-depen -FIG. 4 . Coimmunoprecipitation of CBP and p300 with E47 and CREB. Total Sertoli cell proteins were incubated with nonimmune serum (IgG) or polyclonal antibodies to either E47 or CREB. Immunoprecipitates were fractionated and transferred onto nitrocellulose membranes. Western blot of the membranes used mouse monoclonal antibody cross-reactive with both CBP and p300. The CBP/p300 was detected when Sertoli cell proteins were immunoprecipitated with E47 and CREB, but not with nonimmune IgG. The blot is a representative of at least three different Western blots performed on Sertoli cell proteins isolated at different times.
FIG. 5.
Schematic showing the possible mechanism by which CREB or related cAMP-inducible proteins and bHLH proteins activate the transferrin promoter. An optimal promoter activation in response to FSH may require the interaction between bHLH and CREB-like proteins through transcriptional coactivators such as CBP and p300. The activation of the mTf by FSH may be due to the formation of ternary complex involving the binding of bHLH and CREB-like proteins to E-box and PRII, respectively, and transcriptional coactivators such as CBP and p300. The CBP/ p300 may also bind to the components of the basal transcriptional machinery such as TFIIB. The intrinsic histone acetyl transferase activity of CBP/p300 and the spatial orientation of PRII and E-box around histones may cause DNA bending. The bending and relaxation of the chromatin structure may facilitate an organization that, in turn, facilitates the interaction of bHLH proteins, CREB, and CBP/p300. dent transferrin promoter activation in Sertoli cells were investigated. The CBP and p300 were selected due to the following characteristics: 1) they share significant sequence homology, 2) they are capable of coactivating the same target genes, and 3) they both bind CREB and bHLH proteins known to regulate transferrin promoter activity in Sertoli cells.
Results of previous studies have suggested a synergistic role of both the E-box and the PRII in FSH-mediated transferrin promoter activation in Sertoli cells [15] . The presence of PRII appears to be sufficient for stimulation by cAMP, which is mediated primarily through the cAMP-protein kinase A pathway. These observations suggest that multiple factors involving diverse signal transduction and transcription pathways appear to regulate Sertoli cell gene expression. It is speculated, given the proximity of these two ciselements [15] , that the bHLH proteins that bind to E-box elements may interact with CREB or CREB-like proteins binding to the PRII. This interaction may be direct or mediated through an adapter-type protein, which can also stabilize the binding of the corresponding trans-acting factors.
The formation of such a ternary complex may also provide a mechanism to regulate cell-specific transcription. The adapter protein CBP can bind both bHLH proteins and CREB [34] [35] [36] [37] . In the present study, the hypothesis was tested that CBP/p300 is involved in integrating the transacting factors involved in FSH regulation of the transferrin promoter in Sertoli cells.
Both CBP and p300 protein expression was observed in Sertoli cells. As shown in other cell types, CBP protein expression appears to be constitutive. To address the functional significance of CBP/p300 in regulating Sertoli cell gene expression, an antisense approach was used. An alternate approach considered was the overexpression of wild-type and mutant forms of CBP/p300. However, the advantage of using antisense is that it provides a system in which the cell is essentially devoid of the protein. Because CBP/p300 was present in the cells independent of hormone stimulation, the antisense approach was selected.
The decrease in the FSH-mediated transferrin promoter activity in the presence of antisense oligonucleotides to both CBP and p300 suggests that CBP/p300 are involved in the regulation of the transferrin promoter. The functions of both CBP and p300 appear to be compensatory in Sertoli cells, because the use of antisense oligonucleotides individually had no effect on the transferrin promoter. Compensatory functions for both CBP and p300 have been previously observed [34] [35] [36] [37] , and to our knowledge, this is the first confirmation of this effect in Sertoli cells. The FSH receptor is coupled to the protein kinase A pathway, and FSH treatment rapidly increases intracellular cAMP levels in Sertoli cells [14] . Many of the actions of FSH in Sertoli cells can be mimicked by the cAMP analogue dbcAMP [14] . Previously, it has been shown that butyrate has no effect on Sertoli cell differentiated functions, such as transferrin expression. The inhibitory effect of antisense oligonucleotides on the FSH-mediated transferrin promoter activation suggests that FSH actions may involve multiple signal transduction pathways that are dependent on the activity of CBP/p300. The regulation of the transferrin promoter by cAMP alone appears not to be as dependent on CBP/p300.
The PRII site on the human transferrin promoter binds CREB with strong association and dissociation kinetics [41] . It was proposed that such a strong binding of CREB to PRII might be stabilized by transcriptional coactivators such as CBP [41] . However, overexpression of CBP in Sertoli cells did not potentiate the basal and cAMP-stimulated activity of CREB of the Ϫ100 to ϩ39 Tf-CAT construct containing PRII [41] . This observation supports the data presented in this study that the cAMP-stimulated activation of the transferrin promoter is primarily independent of CBP/p300.
The known cis-elements in the mTf that mediate the effect of FSH in Sertoli cells are the E-box and PRII sites [15] . Both these sites have a synergistic effect in regulating the activity of the transferrin promoter in response to FSH. Surprisingly, the antisense oligonucleotides to CBP/p300 had no effect on the transferrin promoter construct with mutations in either the E-box or PRII elements. Mutations in the E-box or PRII disrupt the binding of the Sertoli cell bHLH proteins and CREB, respectively. It is speculated that in the absence of such binding, CBP/p300 may not be able to bind and/or influence these trans-acting factors individually. Alternatively, if the effect of CBP/p300 were mediated through response elements other than the E-box and PRII, then a reduction in the CAT activity by antisense oligonucleotides to CBP/p300 with either E-box or PRII mutations would have been apparent. The absence of such an affect on either of the mutated promoter constructs suggests that CBP/p300 may mediate its effect through intact E-box and PRII sites, possibly by forming a ternary complex involving the bHLH and CREB transcription factors. The immunoprecipitation data demonstrate that Sertoli cell CBP can associate with CREB and bHLH transcription factors such as E47. Interestingly, the domains of CBP that associate with bHLH proteins and CREB are distinct [35] [36] [37] , which raises the possibility that formation of such a ternary complex is possible. In vitro binding assays are now needed to show that all three proteins are components of such a complex. Another observation that supports the formation of such a ternary complex is that CBP/p300 may stabilize the binding of the respective trans-acting factors to their corresponding cis-elements [26] . The formation of such a ternary complex involving SF-1, CREB, and CBP was recently reported on the ␣-inhibin promoter [42] .
The CBP and p300 possess histone acetyl transferase (HAT) activity [27, 28] . Targeted histone acetylation is believed to neutralize the positive charge of the histone tails and to relax the interactions between histones and negatively charged DNA, making the gene promoters accessible. The CBP and p300 are the only known HATs that are capable of acetylating all four core histones [43, 44] . The Ebox and PRII are approximately 220 bp apart, which corresponds to one turn of the DNA around the nucleosome complex. Such close proximity and the intrinsic HAT activity of CBP/p300 further support the hypothesis that CBP/ p300 may form a ternary complex involving bHLH and CREB proteins (Fig. 5) .
In conclusion, the present study demonstrates that CBP and p300 are expressed in Sertoli cells, and that CBP/p300 is required for optimal FSH stimulation of the transferrin promoter. Based on the effect of antisense oligonucleotides on wild-type and E-box and PRII mutants of the transferrin promoter, it is speculated CBP/p300 may form a ternary complex involving bHLH and CREB transcription factors (Fig. 5) . The present data suggest that the formation of a ternary complex by CBP/p300 may facilitate integration of transcriptional regulators such as bHLH proteins and CREB in Sertoli cells. This is postulated to result in a positive cross-talk between transcription factors and the signal transduction pathways in Sertoli cells. The possibility that CBP/ p300 may also integrate the basal transcription machinery to the bHLH and CREB transcription factors is also likely, as shown in Figure 5 .
